This paper introduces a new model for evaluating connectivity at hub airports. Findings indicate that Emirates operates an ultra-efficient hub, which has superior performance to that of Turkish Airlines; however, in a marketbreakdown basis, the dominance is split between the two carriers. Given that both Istanbul Atatürk and Dubai International operate near capacity, the study concludes that the way forward for both carriers is either to opt for up-gauging their fleet or targeting higher hub efficiency.
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Introduction
This paper aims to analyse the network strategy of two emerging airlines, Turkish Airlines (TK) and Emirates (EK), in terms of network connectivity at each hub airport.
The aviation industry has witnessed many changes in recent years. The emergence of low-cost airlines corroded the local point-to-point operations of traditional flag airlines and the rise of the 'big three' Gulf carriers, Emirates, Qatar Airways and Etihad, attacked their network and transfer traffic on a global scale. In addition, the transformation of Turkish Airlines into another strong inter-continental connector, building upon Istanbul's excellent geographic location, concluded this significant shift of power away from the now suffering legacy carriers. The secret of success, if any, for these new 'global connectors' lies in the heart of their network model: their large hubs. Thus, an analysis focusing on the factors that influence hub efficiency and the evaluation of hub connectivity for such carriers is deemed worthwhile.
The approach followed herein utilises a case study, centred on two of today's most influential mega-hub airlines, Turkish Airlines and Emirates. Turkish has grown rapidly during the last decade, following Turkey's resurgence. Soon after it ceased being a traditional state-run carrier, Turkish adopted the 'super-connector' operating model, entering into direct competition with the strong Gulf carriers. Similarly, the growth of Emirates has been notably fast-paced since its establishment in 1985, becoming the world's largest airline as measured by international passengerkilometres flown; therefore, Emirates and its mega-hub in Dubai constitute a very interesting case for further study.
An analytical tool, the Hub Connectivity Performance Analyser (HCPA), developed in this context, performs the evaluation of hub connectivity. The analyser scrutinises the published schedules of the chosen airlines and evaluates the quality of all viable connections through their hubs. A connectivity model to assess both schedule-and comfort-related attributes of one-stop services is presented, building upon our previous study (Li et al., 2012) . Finally, the paper aims to summarise the results; the Hub Connectivity Performance Index (HCPI) and the Hub Efficiency Index (φ) are proposed, facilitating the positioning of the two carriers (Turkish Airlines and Emirates) on the competition map.
All published schedules were sourced from the Official Airline Guide (OAG) for the first week of July of each studied year in 2007, 2008, 2014 and 2016 . Seasonality of available airline capacity (ASKs) during an annual cycle shows that airlines tend to deploy more capacity in their summer schedules (March to October). As a result, choosing to analyse data for the first week of July will add significance to the findings, since this is expected to be a period of increased activity. What is more, The paper is structured as follows: previous research in the field of connectivity and various approaches for measuring hub connectivity are presented in section 2. In section 3, the model proposed in this paper is introduced and its specifics are explained. Then, as a case study, connectivity analysis results for the Istanbul and Dubai hubs are presented and benchmarked, while key O&D flows for each carrier are also identified in section 4. Finally, key findings are summarised and conclusions are drawn.
Hub airport connectivity
A number of different models have already been proposed in previous studies for the assessment of hub connectivity. Hub connectivity refers to the quantity and quality of indirect flights available to passengers via an airline hub (Bootsma, 1997) .
Consequently, in a hub connectivity analysis, the researcher has to identify the parameters that affect both quantity and quality of connections. Doganis and Dennis (1989) with their 'Hub Potential' and 'Connectivity' models provided the foundation while Veldhuis (1997) and the 'Netscan' model contributed largely to this field. A more recent approach involves the development of optimised connection builders as integrated modules that support airline scheduling based on passenger estimations (Grosche, 2009 ).
The hub connectivity analysis requires the calculation of the total number of connections ('hits') that can be attained between banks of arriving and departing flights in a hub. Key parameters, essential for the calculation of hub connectivity are Minimum Connecting Time (MCT), Maximum Connecting Time (MACT) and Maximum Geographical Detour (MGD). MCT is the shortest time required to transfer passengers and baggage from the arriving to the departing flight (Seredyński et al., 2014) and depends on both airport-specific parameters and connection type. Airports usually compile and publish monthly updates on the applicable MCTs for all types of connections; however such rules can be very complex for major airports, including hundreds of exceptions. This is why most studies tend to follow a fairly generic approach in selecting MCTs, rather than fully implementing airport rules. MACT on the other hand cannot be objectively quantified, being a measure of the maximum time passengers would tolerate waiting at the hub during a stop-over. Despite the fact that MACT is subjective for each passenger, there are certain factors that influence it. For example, as Veldhuis suggests (Veldhuis, 1997) , amenities offered at the hub airport or lower fares may compensate for longer transfer times. In addition, passenger perception of time varies, with transfer-time being perceived longer than time spent on the air (Lijesen, 2004) .
One group of researchers adopt fixed values for MCTs and MACTs (see Doganis and Dennis, 1989; Bootsma, 1997; Veldhuis, 1997; Burghouwt and de Wit, 2005; Danesi, 2006; Budde et al., 2008) , while others simply qualify connections without applying such limits (see Bania et al., 1998; Dennis, 1998; Malighetti et al., 2008) . Table 1 summarises the different practices that various researchers have followed.
Suau-Sanchez and Burghouwt (2012) have followed the same approach proposed by Veldhuis, but they adopted an explicit and higher MACT of 760 minutes. Another study introduces the 'maximum connection lag' as a key variable that incorporates the effect of both the connection time and the geographical detour (Seredyński et al., 2014) ; this approach favours connections with shorter detours by allowing longer connection times. Most methodologies utilise routing factors and thus exclude connections involving significant back-tracking (Burghouwt and de Wit, 2005; Danesi, 2006; Malighetti et al., 2008) . Veldhuis (1997) developed the 'Netscan' which follows a different course; instead of constraining the routing factor, the model penalises connections involving high detours by attaching to them lower quality indexes.
Several studies that adopt the shortest/quickest path methodology limit excessive routing factors by definition (see Shaw, 1993; Shaw and Ivy, 1994; Malighetti et al., 2008) . Typical values for route factors proposed and used in past literature are listed in Table 1 .
After all viable connections have been identified, connection quality can be evaluated as an important element of the level of service provided by any airline. In this process, various factors (including comfort-related ones) are assessed and consolidated into a single connection-specific quality index. This index is introduced to capture the market appeal of that connection, or in other words, how its value proposition compares to that of a potential direct flight between the same O&D pair.
There are three different approaches in evaluating connection quality with the simplest of all being the binary one: the connection is deemed feasible if it meets transfer time and detour thresholds (for example see Dennis, 1994a; 1994b; Budde et al., 2008; Malighetti et al., 2008 ). In a more detailed level, discrete approaches classify connections according to a qualitative attribute, such as 'poor', 'good' and 'excellent' (see Bootsma, 1997; Danesi, 2006) . Finally, the 'Netscan' model (Veldhuis, 1997) and subsequent studies based on it (see Veldhuis and Kroes, 2002; Burghouwt and de Wit, 2005; Burghouwt, 2007; Matsumoto et al., 2008) implement the continuous quality index. This approach attempts to quantify various parameters that affect the market appeal of one-stop operations and is likely to lead to more robust conclusions. Such parameters include but are not limited to the following: transfer time, availability of direct services from competitors, arrival/departure hours, value/frequency of connections, airport facilities and equipment type (Goedeking, 2010; Li et al., 2012) . Most researchers incorporate the values of routing, time and competition factors into a single quality index, which is then attached to each feasible connection; for example, van Dalen (van Dalen, 2011) built upon our previous model (Li et al., 2012) by introducing a competition factor. Thus, each indirect connection gains or loses market appeal according to the number of direct seats supplied by competitors: the more direct seats supplied, the less favourable an indirect connection between the same O&D pair becomes.
Methodology for the Hub Connectivity Performance Analyser (HCPA)
The Hub Connectivity Performance Analyser (HCPA) is proposed as a tool to evaluate connectivity performance and comprises two separate modules: the quantity module and the quality module, developed based on the methodology presented in our previous study (Li et al., 2012) . Each of these modules contains various sub-modules that assess different aspects of indirect services. The HCPA receives as input the flight schedules database, and after evaluating connectivity, it exports the results in a new database.
Quantity of Connections
A pair of arriving and departing flights that allow sufficient time for passengers to change planes is defined as a 'viable connection' or 'hit'. The total number of connections within a certain time period is the maximum number of connections that can be exploited by a passenger travelling through the hub, so it can serve as a measure of the hub's connecting potential. In order to estimate this number, HCPA analyses published airline schedules along with the MCT and MACT limits that have been selected.
MCT values were directly sourced from OAG, as reported by the respective airport authorities, adding to the originality of the study. MACTs, however, as mentioned before, are not influenced by any operational constraints and are rather subjective; most researchers tend to adopt arbitrary values that will facilitate the formation of sufficient transfer windows, with all generated connections being filtered at a later stage based on their individual quality attributes. For the purpose of maintaining consistency with our previous study (Li et al., 2012) , where = total inbound flights eq.1
After the hub's quantity of connectivity has been calculated, the need to weigh achievable connections based on their value and market appeal arises, which is addressed by the quality module.
Quality of Connections
Despite the fact that schedules might allow sufficient time for passengers to deplane and board their onward connection, this does not guarantee that such a connecting opportunity will bear practical value. For example, an Emirates flight from Paris
Charles de Gaulle Airport (CDG) arriving into Dubai International Airport (DXB) might allow passengers to transfer to another Emirates flight from DXB to CDG, thus being counted as a viable connection and contributing to the hub's quantity of connectivity.
However, such a connection would be of limited value from a passenger's perspective. The same holds true for connections involving high geographical detours (e.g. a flight from London to Paris involving a stop-over in Dubai or Istanbul).
Therefore, the quality module is tasked with assigning an individual quality index (QCI) to every connection, qualified by the quantity module.
Researchers commonly use the routing and time factors in order to assess the quality of connections. The Routing Factor (RF) quantifies the underlying detours for each connection and filters out those that involve significant backtracking. The HCPA zeroes out the quality indexes of all connections involving a detour in excess of 50%
and penalises all other connections proportionately to the underlying detour. In addition, connection quality is inversely proportional to the total elapsed time, which itself depends on the ground time or transfer time. The longer the transfer time is, the less appealing a connection becomes. The HCPA model takes this concept one step further by introducing penalty multipliers to be used for artificially increasing transfer time. Passenger perception of time spent on the ground during a transfer changes with the hour of the day during which the transfer occurs. As a result, a measure of 'Perceived Flying Time' is derived, which also feeds in the calculation of the Time Factor (TF).
Most connectivity models derive connection quality based solely on routing factors and time factors. The HCPA methodology, however, attempts to measure the effect of additional influences that shape the value and quality of connections. Seat Factor (SF) emphasizes or de-emphasizes the importance of a connection based on the underlying number of seats on each leg; the more seats involved in a particular connection, the more valuable it is. Another aspect that can be used to weight connections is that of service quality and on-board comfort. It is widely accepted that 
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After the quantity module has identified all viable connections (QVC) and the quality module has attached a quality index to each one ( • 100% eq. 3
The basis for the development of the HCPA was our earlier work in this field (Li et al., 2012) . As highlighted before, most researchers tend to focus on analysing quantity of connections, experimenting with MCT and MACT parameters. In addition, routing and time factors have received increased attention in various studies. However, research in the direction of analysing connection quality and perceived value from a passenger's perspective has been limited. Most studies treat all connections equally, without considering the number of seats involved in each one. For example, a connection involving two Embraer 170s and one between two Airbus 380s would be counted the same, whilst in fact the latter carries significantly higher value than an average connection. Furthermore, despite some researchers have studied the valueadding effect of frequency, this has not been done in conjunction with analysing the supply of direct seats between the same O&D pair; indeed, no matter how frequently an O&D market is served through a hub, if supply of direct seats is large, the indirect services will carry limited incremental value. The study also contributes in establishing a measure of connection quality with regards to the equipment type and quality of in-flight product. Two connectivity performance metrics are proposed to be used for the positioning of hub carriers in the competition map; also, the concept of 'average direct flight' is defined and used for interpreting the results. All in all, the HCPA methodology contributes a new approach in measuring hub connectivity by incorporating additional factors into the analysis and establishing more robust relationships between the various influences.
Results: Hub connectivity analysis and network performance for Turkish Airlines and Emirates
The analysis only focuses on connecting flights and excludes direct services altogether. The contribution of direct services is important only when a strong source market exists; although Istanbul is indeed a strong outbound market, the same does not hold true for Dubai, despite the recent attempts to establish it as such. As a consequence, focusing the analysis only on connecting flights will facilitate the benchmarking of the results.
Analysis of Turkish Airlines' Istanbul hub, 2007-2016
Analysing schedules for the first week of July in 2007, the HCPA has indicated that the total number of viable connections is 33,069. However, because of the poor quality of many of those connections, the final effective figure drops to 19,230. Hub efficiency was also calculated and equals 58.2%, which implies that out of all hits only 58.2% have the same value as an average direct flight between the respective O&Ds ( Figure 1 ).
Since 2007, Turkish has expanded its fleet and added many destinations to its network. However, although increasing the scale of operations theoretically creates more connecting opportunities, it does not guarantee better hub performance; aligning flights schedules is a critical process in this direction. For the first week of July 2014, the number of inbound/outbound flights was 3,067/3,065, respectively.
These figures are over twice as high as those of 2007, but as the connectivity advantage increases in proportion to the square of the number of direct flights, the boost in hits is expected to be significant. Indeed, the analyser yielded the effective number of hits to be 103,368 out of a total of 150,580 viable connections. In other words, the number of equivalent average direct flights offered is 103,368, whilst in 2007 it was just 19,230. The effective number of hits rose 438% within seven years, resulting from both the increase in the scale of operations and the improved efficiency of the hub. Better coordination of schedules at the hub affected its efficiency positively, which rose by 17.9% and equals 68.6% in 2014.
As an update, the analysis was also repeated for provisional July 2016 schedules. In particular, during the first week of July 2016, Turkish scheduled 3,523 inbound and 3,523 outbound flights, representing a 15% increase of services compared to 2014.
This increase is modest compared to the one realised between 2007 and 2014 as airport capacity constraints have prevented further growth. The model predicted that a total of 119,458 hits will be of value, out of 169,888 viable connections. In other words, a 15% increased level of activity at the airport will lead to nearly 16% incremental effective connections. This proportional improvement stems from the good average hub efficiency attained at the airport, which for 2016 stands at 70.3%.
Despite the fact that Turkish Airlines has significantly refined its hub's operation during the past nine years from 2007 to 2016, the overall efficiency of 70.3% signifies that there is still room for improvement. Moreover, given that IST operates nearly under capacity, Turkish cannot add more flights until the new airport becomes operational; as a result, the carrier needs to focus on adjusting flight schedules in order to increase the effective number of hits.
Analysis of Emirates' Dubai hub, 2008-2016
In 2008 Emirates expanded its wide-body fleet by adding 22 777s and 30 A380s. These aircraft were used to boost frequency and/or seat capacity on existing routes and also to launch 15 new destinations. In addition, as Emirates has scheduled most of its flights over three daily waves at DXB, incremental capacity was deployed very effectively, feeding into the overall hub efficiency, which exceeded 100% (119.4%). Figure 3 summarises the connectivity analysis results comparing the connectivity performance of the two carriers. Turkish Airlines provides more effective hits than Emirates, totalling 103,368 equivalent average direct weekly flights over Emirates' 29,507. The difference of 73,861 hits is large and provides Turkish with an unparalleled advantage when it comes down to overall connecting opportunities. In addition, Turkish's absolute number of attained hits is 291% higher than that of Emirates; this implies that if Turkish Airlines re-organises its schedules accordingly, it can attain a huge benefit in hits that Emirates will be unable to match.
Connectivity Benchmark between Turkish Airlines and Emirates
However, the considerably high number of hits attained by Turkish Airlines can be attributed to its high frequencies and its network structure. As Turkish is primarily targeting the European market and also builds upon Turkey's large domestic traffic, it is committed to providing high frequencies on short sectors. On the contrary,
Emirates serves geographically dispersed markets with long-haul, low-frequency flights. As a result, the observed gap between effective hits offered by the two carriers is a natural consequence of the fundamental differences between the carriers' network strategies.
What is important for benchmarking purposes though is hub efficiency. As shown in Figure 3 , Emirates prevails with an average efficiency of 76.7%, compared to Turkish's 68.6%. As hub efficiency is largely affected by the temporal configuration of banks, this figure reflects that Emirates manages to exploit its resources more effectively than Turkish Airlines and in the long run will realise more benefits.
Connectivity Benchmark between Turkish Airlines, Emirates and their Partners
The next benchmark between the two carriers aims to reveal which partnership strategy achieves better results from a hub connectivity perspective. Figure 4 summarises findings for 2014 for both carriers, including their partners' contribution.
Qantas flights boosted both absolute and effective hits attained at DXB, facilitating
Emirates in building a well-utilised hub (84.5%). Similarly, Turkish realised an increase in absolute and effective hits when its partners' flights were included; however, its overall efficiency only rose marginally (70.7%). As a first conclusion, it seems that the Emirates/Qantas partnership has performed better than Turkish's alliance code-sharing, primarily because of its high contribution to hub efficiency. Table 3 compares the increase in absolute and effective hits for the two carriers contributed by their partners' services. In both cases, HCPI increased more than QVC, which implies that their partners' connections carried significantly higher quality than average; this is reflected in differential hub efficiency. It is also evident that between the two carriers, Emirates with its partner, Qantas, introduced flights with quality almost three times higher than average, while Turkish's partners delivered an excessive quality by a factor of 1.26.
Therefore, the quality of Qantas' services is considerably higher than that of an average flight and provides more value than the larger in quantity but lower in quality services of Turkish's partners. It is thus clear that Emirates has built its network strategy upon providing fewer higher-than-average-quality services while Turkish targets more average-quality or lower-than-average-quality services. As a result, partnering with carriers that follow coherent approaches and will bolster their qualityor quantity-oriented strategies was the way forward for Emirates and Turkish when they decided to grow inorganically.
At this point, it is important to clarify that 'average quality' does not refer to the real quality of the airline product: it only serves as a benchmark representing the attributes of an average indirect flight, as defined in section 3.2.
Connectivity Benchmark: Market Breakdown
The analysis so far has focused on hub overall performance. However, most airline hubs target only select flows rather than attempting to cater for all (Goedeking, 2010) . Each airline's strategic focus is different and depends on various factors, such as business and trade flows, population/economic growth and existing Air Service Agreements (ASAs). However, the factor that largely affects how effectively an airline can serve certain markets is its hub's location. Consequently, the analysis of connecting opportunities offered on a per-market basis will reveal the top three flows on which Turkish Airlines and Emirates go head-to-head. Results are presented in Figure 5 .
The most important transfer market for both Turkish Airlines and Emirates is the one between Europe and Asia-Pacific. Istanbul and Dubai are located in a strategic position, which minimises detours for indirect services between these two regions.
Turkish is offering 8,662 effective hits per week, the highest among its network, and accomplishes a relatively high hub efficiency of 74%. However, results show that
Emirates' performance in this market cannot be matched by its competitor. Offering 10,067 weekly connections with the same quality as a direct service, it is identified as the superior performer within this market, securing a very strong competitive edge.
Moreover, it accomplishes an excellent efficiency of 161%, attributed to the very high quality of its services. 
Discussion and Conclusions
The hub performance of two influential airlines, Turkish Airlines and Emirates, was analysed using the new methodology proposed in this study under the name 'Hub Connectivity Performance Analyser (HCPA)'. This approach consolidates the results into two metrics: the Hub Connectivity Performance Index (HCPI), which is the number of hits that bear quality equivalent to that of an average direct flight, and the Hub Efficiency (φ), an indirect measure of the average quality of connections, which also indicates how effective the temporal configuration of a hub is. The outcomes of this case study, as presented below, illustrate the intrinsic strategic focus that
Emirates and Turkish Airlines have each adopted regarding their hub/network configuration, while also highlight the importance of hub efficiency for the success and sustainability of the hub-and-spoke network model.
Emirates accomplishes superior hub efficiency; however, dominance is split on a market breakdown basis.
Results show that Emirates, being highly focused on a 'connect the world through Dubai' strategy, has managed to build a highly efficient hub where almost 85% of all attained connections bear the same value to that of direct service between the same O&Ds. On the contrary, Turkish ranks second as its hub performance was found to be inferior to that of Emirates with an efficiency of only 70.7%. The aforementioned efficiency also incorporates the effect of the carriers' primary alliance/code-share partners, which was deemed to be positive in both cases.
Despite the common belief that positions the two carriers as strong rivals, it was shown that they only compete in three out of the five top transfer markets each can serve best. The split of dominance between their common markets is even. In fact,
Emirates benefits from its bold presence in the Asia-Pacific region, being the dominant carrier in the transfer market to Europe. Turkish Airlines' privileged hub location for transfers between the Middle East and America leads to superior hub performance in this market. Finally, Turkish provides more transfer opportunities between Europe and Africa, but Emirates attains considerably higher hub efficiency, which places the carrier in a better position for future expansion in that market.
Turkish Airlines network strategy: not optimised for connecting traffic.
Contrary to the UAE and Dubai, Turkey has a huge domestic market, and Istanbul is a big outbound market. As a result, Turkish has followed a 'hybrid' network strategy, split between the ambition to serve these markets and also to increase the share of its transfer passengers. Thus, adopting a point-to-point approach on European and domestic destinations, dictated by the high direct competition from LCCs and other flag carriers, has undoubtedly corroded its 'intercontinental connector' strategy.
Being in a position to serve a large number of short-haul destinations, Turkish has adopted a de-peaked rolling hub configuration to enhance its competitiveness in such markets. However, this configuration contradicts the connectivity maximisation objective. Although Turkish's very large scale of operations partially compensates for this inherent inefficiency, when it all comes down to competition with a superconnector 1 like Emirates, Turkish ranks second. The only exceptions to this conclusion are transfer markets where the geographical position of super-connectors' hubs result in poor connection quality, attributed to high geographical detours.
3. Hub efficiency is of paramount importance for Emirates' success, and the short-term solution to air traffic bottlenecks.
On the other hand, Emirates' strategy of only focusing on trunk routes that can fill its wide-bodies has resulted in fewer connecting opportunities for passengers transferring in Dubai. As a result, maintaining a high overall efficiency at its hub is key in ensuring that its ongoing expansion will strengthen its competitive position in the intercontinental transfer market. Last but not least, as passenger traffic is rapidly approaching capacity limits in both IST and DXB, the two carriers might be unable to expand their services through the addition of more aircraft or higher frequencies.
Emirates has opted for expansion through aircraft gauge thus bypassing any capacity-related constraints in the short-run. However, the only way forward for Turkish is to target higher hub efficiency before starting to disrupt its operations by positioning aircraft to secondary hubs in Istanbul or Ankara.
The preceding analysis evaluated airline network connectivity/hub performance considering both quantity and quality aspects, which, together, constitute key elements of the value airline services provide to passengers. However, the methodology proposed also carries some limitations. First of all, bi-directionality of connections was not taken into account; bi-directionality is important as it guarantees that for every viable connection a similar return connection exists within the period of one week. Moreover, MACT values are subjective and depend on passenger tolerance of maximum waiting time on the ground. Calculation of variable MACT limits with the aid of a probabilistic model might add to the significance of the findings. Another concern that can be raised is whether hub connectivity should be used as a benchmarking metric at all. The underlying number of seats on any connection varies, depending on size of aircraft involved; thus, the question of whether seat supply would be a more appropriate measure of connectivity performance for benchmarking purposes remains to be answered. Last but not least, the exclusive reliance on OAG schedule data restricts the analysis to capacity-side.
However, the real commercial value of connections can only be established if airline passenger demand data (such as paxIS or MIDT) are used in conjunction with flight schedules. This will reveal which connections attract higher passenger demand and thus are more valuable. Similarly, a yield factor can also be introduced to emphasize connections with high earning potential for the airline. Further study on this subject could elaborate on the limitations mentioned above and should also consider incorporating route revenue and cost figures to examine network performance from a commercial viewpoint. 
